Magnetization reversal is investigated in the presence of anisotropy dispersion in weakly disordered Co x Pd 100−x (x = 23, 36, 43) thin films. A fourfold in-plane magnetic anisotropy is observed for x = 23, whereas an increase of the Co:Pd ratio induces a uniaxial anisotropy in x = 36 and 43 films. Anomalous magnetization reversal appears along the hard axes (referred to as collapse of hard axes) in x = 23 and 36 films, but disappears for x = 43. The results are consistent with the two-grain Stoner-Wohlfarth model. It is argued that the collapse of the hard axes can be controlled by intergranular exchange interaction. Quadratic magneto-optical Kerr effect (QMOKE) is also observed in the films and is found to weaken if the in-plane anisotropy is lowered through the Co:Pd ratio. QMOKE is observed for magnetic field orientations near the hard axes but not exactly along it, in agreement with the two-grain Stoner-Wohlfarth model.
I. INTRODUCTION
Studies on magnetic thin films are mainly driven by their key role in spintronics, sensors, microelectromechanical systems, and magnetic data storage devices. An accurate recognition of magnetic properties in this two dimensional geometry is required for different applications. In this regard, magnetization reversal data give a lot of information about magnetic anisotropy [1, 2] , exchange bias coupling [3, 4] , exchange spring effect [5] [6] [7] , etc. Magnetization reversal is particularly complex in magnetic systems with large anisotropy dispersion, as highlighted by numerous studies [8] [9] [10] [11] [12] [13] .
Magnetic anisotropy is one of the most important parameters of magnetic thin films in practical applications [14] [15] [16] . Among magnetic materials, binary alloys of transition metals including FePt, FePd, CoPt, and CoPd have attracted enormous interest mostly because of their high magnetocrystalline anisotropy energy [17] [18] [19] .
Pd is a paramagnetic metal which is near the Stoner criterion limit for becoming a spontaneous ferromagnet. According to electron band structure calculations, 1.5 percentage of Co can induce ferromagnetic ordering in CoPd [20] . In such Pd rich alloys, Co moments polarize the itinerant electrons of Pd. However, a limited number of Pd atoms are affected by Co magnetic moments and an increase of magnetism requires larger Co:Pd ratios. Because of this large tunability, the CoPd alloy has manifested itself as a model system for investigations on exchange interaction, spin-orbit coupling, and magnetization reversal, which are of great importance for fundamental studies and applications. * ahmadvand@cc.iut.ac.ir.
CoPd thin films and multilayers have received interest because of perpendicular magnetic anisotropy [21] , the observation of stable Néel skyrmions [22] , applications in perpendicular magnetic tunnel junctions [23] , hydrogen gas sensing, and other spintronic devices [24] [25] [26] [27] [28] [29] . Despite many works on CoPd thin films, details on the in-plane anisotropy and its dependence on the Co:Pd ratio have not been reported. In the present study, it is shown that the Co:Pd ratio greatly influences the in-plane anisotropy and anisotropy dispersion. Furthermore, the impact of intergranular exchange interaction on magnetization reversal is investigated in the presence of anisotropy dispersion. Our results demonstrate a collapse of the magnetic hard axis in films with small Co:Pd ratios. This effect is eliminated by an enhancement of intergranular exchange interaction in films with larger Co:Pd ratios. We show that our results are well described by the two-grain Stoner-Wohlfarth model. In addition, QMOKE is observed in films with strong magnetic in-plane anisotropy (i.e., small Co:Pd ratios). As an auxiliary method, QMOKE confirms the validity of the two-grain Stoner-Wohlfarth model for the interpretation of our magnetization reversal data on weakly disordered CoPd thin films.
II. EXPERIMENT
The preparation of CoPd thin films by pulsed laser deposition (PLD) is uncommon and rarely reported [30] . In this study, we used this method to deposit Co x Pd 100−x thin films with three different compositions of CoPd alloy. The target was composed of separate high purity metallic Pd and Co disks that were periodically exposed to the laser beam by continuous rotation. The films were deposited at room temperature in a base pressure below 2 × 10 −6 Torr and then annealed in situ at 400 • C for 10 min in high vacuum.
The short heat treatment resulted in partial epitaxy with considerable anisotropy dispersion in the films. For comparison, a film was also directly deposited at a substrate temperature of 400 • C. The composition of the CoPd films were measured by energy-dispersive x-ray spectroscopy (EDS) using a FEI Quanta 200 ESEM and SEM micrographs were obtained by using a Hitachi S-4800 scanning electron microscope. X-ray diffraction (XRD) and x-ray reflectivity (XRR) patterns were obtained by a Rigaku SmartLab diffractometer. Magnetic hysteresis loops of the films were measured using magnetooptical Kerr effect (MOKE) by a Kerr microscope (Evico magnetics GmbH). Ferromagnetic resonance was investigated using a vector network analyzer (VNA-FMR) in the presence of a 100 mT magnetic bias field at room temperature.
III. RESULTS AND DISCUSSION

A. Structural features
Thickness, density, and roughness of the films were obtained by fitting the XRR patterns using the Genx software [31] . Good fits to the XRR experimental patterns were obtained by considering two layers, including a diffusion layer and main layer. The diffusion of Co/Pd atoms into the substrate creates a very thin diffusion layer at the interface. The obtained data are summarized in Table I . The total thicknesses of the films were in the range of 15-18 nm. In order to study the role of film thickness on magnetic properties, especially in-plane anisotropy, a thicker film of Co 23 Pd 77 with a thickness of 38 nm was also deposited on a MgO substrate. An increase of the Co:Pd ratio decreases the mass density of the films, as expected from the lower atomic mass of Co compared to Pd.
XRD patterns of the films are presented in Fig. 1 . The films have an fcc-A 1 structure with preferred growth direction along [001]. The lattice parameter is calculated and summarized in Table I . It is seen that, because of the smaller atomic radius of Co relative to Pd, the lattice parameter of the film decreases with increasing the Co:Pd ratio. We note that an ordered L1 0 structure is only observed for FePd, FePt, and CoPt thin films, and is not formed in CoPd film, even for the equiatomic Co 50 Pd 50 alloy [19] .
B. Magnetic properties
Longitudinal MOKE hysteresis loops were measured as a function of the azimuthal angle between the applied magnetic field and the in-plane [100] direction of the MgO substrate. The measurements were performed by rotating the film around its normal axis and recording a loop every 10 • . Both the coercivity and squareness of the hysteresis loops were extracted and are shown in Fig. 2 for Co x Pd 100−x (x = 23, 36, 43). Some of the hysteresis loops had a quadratic-MOKE (QMOKE) contribution (will be discussed below), which was systematically removed by symmetrization and antisymmetrization [32] . As can be seen in Fig. 2 , the Co 23 Pd 77 film shows fourfold in-plane anisotropy of the form
where θ is the angle between the film magnetization and the [100] direction of the MgO substrate and K 4 is the fourfold cubic anisotropy constant. The easy axes of magnetization are along the [110] and [110] directions. Interestingly, by increasing the Co:Pd ratio, the symmetry of magnetic anisotropy changes to twofold in the Co 36 Pd 64 and Co 43 Pd 57 films. This modification is accompanied by a decrease of the coercivity. In this case the angular dependence of magnetic anisotropy energy can be written as where K U is the uniaxial anisotropy constant. In the Co 36 Pd 64 film, the easy magnetization axis is oriented along the [100] direction. However, in the Co 43 Pd 57 film, the uniaxial anisotropy axis is rotated by 45 • and oriented along [110] . Although the origin of this rotation is not fully clear, it is most likely induced by higher-order magnetoelastic contributions that arise from the smaller lattice parameter of the Co 43 Pd 57 film rather than the Co 36 Pd 64 film (see Table I ). As the twofold anisotropy of the Co 36 Pd 64 film is not changed in the Co 43 Pd 57 film and coercivity of these two films are in the same order of magnitude ( Fig. 2) , it can be concluded that the rotation of easy axis is governed by magnetoelastic effects [33] [34] [35] .
Spin-orbit coupling (SOC) is one of the key effects that can cause an enhancement of coercivity with decreasing Co:Pd ratio. In fact, an increase of the Pd content affects the magnetocrystalline anisotropy through SOC similar to Pt in FePd 1−x Pt x thin films [36] . Since the coercivity is related to the anisotropy constant as H C ∝ K 4 (K U )/M S a decrease of the cobalt content may also enhance the coercivity via a reduction of the saturation magnetization.
In the polar plots of Fig. 2 , sharp peaks appear along the hard magnetization axes in the Co 23 Pd 77 and Co 36 Pd 64 films. This anomalous hard-axis magnetization reversal process disappears in the Co 43 Pd 57 film. A collapse of hard-axis behavior has been observed also in other magnetic thin films, including Co thin films [37] , Fe on Cu(001) [38] , and Co 2 Cr 0.6 Fe 0.4 Al Heusler alloys on Cr/MgO(001) [39] . The origins of sharp peaks in the polar plots are mainly attributed to the existence of crystallographic disorder [40] , frustration effects [39] , or structural microdomains [38] .
Idigoras et al. [40, 41] presented a two-grain Stoner-Wohlfarth model to describe the magnetic behavior of thin films with misalignments between two weakly coupled grains. The in-plane anisotropy of our thin CoPd films is described correctly by this model. To illustrate this, we consider two misaligned grains with m 1 , m 2 magnetization vectors and intergranular exchange coupling J [ Fig. 3(a) ]. For this system, the energy can be written as [40] where K 1 and K 2 are the magnetocrystalline anisotropy constants of the two grains andn 1 ,n 2 are their respective easy axes which are rotated by + ω /2 and − ω /2 from the average easy axis. If one assumes the magnetocrystalline anisotropy constants K 1 and K 2 to be identical because of good CoPd film homogeneity, the equation can be rewritten as [40] 
where θ 1 and θ 2 are the in-plane angles of m 1 and m 2 in the presence of a magnetic field. β indicates the direction of magnetic field, as shown in Fig. 3(b) . According to the model, magnetization reversal depends on the magnetic field direction β, the ratio J /K 1 , and the misalignment between the anisotropy axes of the two grains, ω.
To describe the sharp behavior in coercivity and remanent magnetization along hard axes, we depicted in Fig. 4 the orientations of m 1 and m 2 for two magnetic field orientations of β = 90 and 80 (100) • . As discussed previously, there are two different easy axes that form an average easy axis. In order to minimize the energy, the angle between the magnetization moments can be ω or π − ω depending on the direction of the external magnetic field, β. For β = 90 • (that magnetic field is perpendicular to the average easy axis), with reducing the field from saturation state to zero [ Fig. 4(a) ], because θ 1 + ω/2 is larger than 90 • , m 1 ( m 2 ) magnetization prefers to orient along −n 1 (+n 2 ). Thus, at H(β = 90 • ) = 0, a symmetric V-state forms between m 1 and m 2 , which results in a relatively large net remanent magnetization (M L = m 2L + m 1L ), as depicted in the right side of Fig. 4(a) . The anomalous sharp peaks are also seen in the coercivity (Fig. 2) . This is because the magnetic field should bring out the magnetization moments from the stable states until the net magnetization becomes zero in the direction of applied field. One can predict that hard axes collapse occurs for β = 90 • and angles which satisfy both (θ 1 + ω/2) > 90 and (θ 2 + ω/2) < 90. As shown in Fig. 4(b) , for the magnetic field orientations close to the average hard axes (e.g., β = 80 or 100 • ), m 1 and m 2 would prefer to orient toward +n 1 and +n 2 directions or opposite, which results in a drop in the coercivity and the net remanent magnetization (M L = m 2L − m 1L ), as seen in Fig. 2 .
Anomalous magnetization reversal in the two-grain Stoner-Wohlfarth model occurs when ω is considerably large orJ /K 1 is small [40] . If we assume that ω is approximately the same for the Co 36 Pd 64 and Co 43 Pd 57 films, the disappearance of the sharp hard-axis features in the Co 43 Pd 57 film [ Fig. 2(c) ] can be attributed to an increase of the J /K 1 ratio. This ratio is greater for Co 43 Pd 57 because of higher Co content and lower anisotropy (resulted from Fig. 2 ). Therefore, with an increase of J /K 1 , the V state does not form along the hard axis in the Co 43 Pd 57 film. As the J /K 1 ratio increases, the intergranular exchange coupling energy [first term in Eq. (3)] outweighs the uniaxial anisotropy terms with different orientations. In this case, when m 2 tends to orient along +n 2 , it also forces m 1 to orient along +n 1 .
The above model is based on uniaxial anisotropy. However, the behavior of the Co 23 Pd 77 film with fourfold in-plane magnetic anisotropy can be interpreted in a similar manner. For this case, easy and hard axes are shown in Fig. 5 . It is 214444-4 reasonable to conclude that numbers of sharp peaks are equal to numbers of easy directions.
In order to understand the role of film thickness on the in-plane magnetic anisotropy, a thicker Co 23 Pd 77 film is also deposited. In Fig. 6 , polar curves of the films with two different thicknesses of 18.4 and 37.8 nm are shown. As can be seen, the fourfold anisotropy observed in Co 23 Pd 77 does not depend on thickness, in the few tens of nanometers range. However, the thicker film has a smaller coercivity which may be due to a decrease of the magnetoelastic anisotropy. This is because induced stress depends on the lattice parameter of the film which is changed by both the Co:Pd ratio and thickness (see Table I ). Magnetoelastic contributions mostly originate from the film-substrate lattice parameter misfit and have been reported to affect the magnetic characteristics and, in some cases, to totally alter the in-plane anisotropy [33, 42, 43] .
To gain more insights into the anisotropy dispersion, FMR spectra of the films were measured by VNA-FMR technique. This technique allows exploring the in-plane anisotropy orientations of the films by measuring the resonance frequency within the range of 0-10 GHz. For this purpose, FMR spectra of the films were obtained at various in-plane orientations by changing the direction of the magnetic field relative to the MgO[100] direction. In the case of an in-plane applied magnetic field, the in-plane resonance frequency F is in the form of [44] 
where
γ is the gyromagnetic factor, and ϕ M (ϕ H ) is the in-plane angle between the magnetization (the applied magnetic field) and the MgO [100] direction. ϕ U is the angle of one of the in-plane anisotropy easy axes with the MgO[100] direction. M eff = M S − K ⊥ /2πM S is the effective magnetization where K ⊥ is the second-order out of plane uniaxial anisotropy constant. The angular dependence of the resonance frequency of the films is shown in Fig. 7 . The dependence of the resonance frequency on the field orientation illustrates in-plane magnetic anisotropy. From Eq. (5), when ϕ M = ϕ U , F reaches its maximum and thus the extrema of the resonance frequency corresponds to the easy axes [44, 45] . These results agree with the MOKE data (Fig. 2) , except that the sharp hard-axis features are absent. This proves that the sharp peaks in the MOKE data do not correspond to conventional easy axes. Also, since the FMR polar plots, shown in Fig. 7 , are not quite sinusoidal, they reflect the dispersed nature of the in-plane anisotropy of the films, as represented by different twofold and fourfold anisotropies in Figs. 4 and 5.
Here, it is necessary to discuss the role of the deposition process on the in-plane magnetic anisotropy of the CoPd thin films. In Fig. 8 , the azimuthal dependence of coercivity for the Co 36 Pd 64 film is compared with the same film deposited directly at 400 • C. Interestingly, the latter film shows an enhanced coercivity with no in-plane anisotropy. The SEM micrograph of the postannealed Co 36 Pd 64 film, shown in Fig. 9(a) , illustrates a mazelike pattern with a homogeneous grain size distribution. An island formation (Volmer-Weber) mode can be observed in the micrograph, as can be expected from the surface energies of metallic films on the oxide MgO substrate in an equilibrium regime [46] [47] [48] . On the other hand, the SEM micrograph of the Co 36 Pd 64 film grown directly at 400 • C, shown in Fig. 9(b) , exhibits a different microstructure (not island-growth mode) relative to the postannealed film. Thus the isotropic behavior of coercivity can be attributed to the random in-plane alignment of grains in the film. This reveals the crucial role of microstructure on the anisotropy characteristics [41, 49] . Note that the XRD pattern of this film (not shown here) exhibited similar fcc-A 1 structure with a lattice constant of 3.81 Å. In the case of Co 23 Pd 77 films, the RF data is presented for the thicker film (see Fig. 6 ). The FMR data was not detectable for the film with 18.4 nm thickness because of the small magnetic signal.
C. QMOKE and its relation with the two-grain Stoner-Wohlfarth model
To further confirm the above model, it is useful to investigate the appearance of QMOKE in the hysteresis loops. This is because QMOKE is sensitive to transverse magnetization. As shown in Fig. 10 , because of QMOKE contribution, MOKE measurements show some irregular magnetic hysteresis loops at azimuthal angles near the nominal hard axes, but not exactly along them. This irregular behavior gradually disappears if the field angle rotates to the average easy axis. Furthermore, in our results, the QMOKE contribution decreases if the magnetic anisotropy is lowered through an increase of the Co:Pd ratio.
The optical and magneto-optical properties of materials can be described by a permittivity tensor ε ij , which can be expanded into a power series of Cartesian direction cosines M i of magnetization [50, 51] :
where M i are the components of the magnetization. K ij k and G ij kl are the linear and quadratic magneto-optical tensors, respectively. ε (0) ij is the permittivity tensor in the absence of magnetic ordering. For cubic crystal structures (such as A 1 structure), the number of independent tensor elements reduces to five parameters including one free (complex) parameter in the constant term ε (0) ij , another one (K ) in the linear term K ij k , and three additional parameters called G 11 , G 12 , and G 44 in the quadratic term G ij kl . As a result, for a magnetized film with cubic symmetry and in-plane magnetization, complex Kerr amplitude φ is defined as [50] φs / p = ∓Bs / p KM L ± As / p 2G 44 7)] is used normally to obtain magneto-optical hysteresis loops. However, quadratic contributions [next terms in Eq. (7)] in L-MOKE measurements tend to an irregular hysteresis loop, which is mainly due to the presence of transverse magnetization M T . In the Stoner-Wohlfarth model, QMOKE is expected to appear at hard axes. However, as mentioned above, in our results QMOKE is not observed at the hard axes (90 • loops in Fig. 10 ) of Co 23 Pd 77 and Co 36 Pd 64 films. This behavior originates from anisotropy dispersion and can be explained using the two-grain Stoner-Wohlfarth model. As shown in Fig. 4(a) , when the magnetic field reduces from saturation state, the magnetization moments m 1 and m 2 rotate counterclockwise and clockwise, respectively, and thus the net transverse magnetization becomes zero (M T = m 1T − m 2T = 0), which leads to the vanishing of QMOKE based on Eq. (7). On the other hand, for field directions near the nominal hard axes (80 • or 100 • loops in Fig. 10 ), the symmetric V state does not form [shown in Fig. 4(b) ] and a nonzero net transverse magnetization is expected to produce a QMOKE signal in hysteresis measurements. In fact, our QMOKE data reveals the validity of the two-grain Stoner-Wohlfarth model.
IV. SUMMARY
Structural and magnetic properties of Co x Pd 100−x (x = 23, 36, 43) thin films (15-18 nm) on MgO are investigated in order to study the effect of intergranular exchange interaction on the magnetization reversal process in weakly disordered films. CoPd/MgO can exhibit fourfold or twofold in-plane magnetic anisotropy depending on the Co:Pd ratio. For lower cobalt contents (x = 23, 36), anomalous magnetization reversal occurs when the magnetic field is oriented along the nominal hard axes. However, this so-called anomalous hard axis collapse does not occur in films with x = 43 because the larger cobalt content enhances the intergranular exchange interaction. The dependence of anisotropy on Co:Pd ratio is also confirmed by ferromagnetic resonance (FMR) measurements. However, since anomalous behavior is absent in the FMR data, we conclude that the hard-axis peaks are not caused by conventional easyaxis behavior. Our results are explained within the framework of the two-grain Stoner-Wohlfarth model, as confirmed by the occurrence of a quadratic magneto-optical Kerr effect.
In order to further investigate the anisotropy behavior, the effect of film thickness and growth conditions are also discussed. The Co 23 Pd 77 film shows a similar fourfold in-plane anisotropy but a reduced coercivity when its film thickness is increased to 38 nm. We also investigated the role of film microstructure on the anisotropy characteristics by employing two different protocols for the preparation of films: the first consisted of film deposition at room temperature followed by short time postannealing at 400 • C and the second involved direct deposition of the films at 400 • C. The results show that the in-plane magnetic anisotropy is established during the annealing step.
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